Perceiving, integrating, and interpreting multimodal signals are essential for social success, but the neural substrates mediating these functions are not fully understood. This study examined the role of the amygdala in processing bimodal species-specific vocalizations using eye tracking in rhesus macaques. Looking behavior of 6 adult rhesus monkeys with neonatal amygdala lesions (Neo-A ibo ; 3M, 3F) was compared with that of 6 sham-operated controls (Neo-C; 3M, 3F). Two side-by-side videos of unknown male conspecifics emitting different vocalizations were presented with the audio signal matching one video. The percentage of time spent looking at each video was used to assess crossmodal integration ability and the percentages of time spent looking at a priori regions of interest (ROIs; eyes, mouth, and rest of each video) were used to characterize scanning patterns. Both groups looked more to one video, indicating that early amygdalar damage did not impair crossmodal integration of complex social signals. However, scanning patterns differed across groups as a function of sex and stimulus parameter. Whereas Neo-C males exhibited differential viewing to the eye and mouth regions as a function of the relative identity of the stimulus animals and Neo-C females made similar distinctions as a function of the relative valence of the vocalizations in females, Neo-A ibo males and females scanned these regions similarly across all trial types. The results suggest that neonatal amygdala damage alters the ability to perceive the social relevance of stimulus features, and are consistent with a role of the amygdala in the recognition of the social salience of complex cues.
The complex social structures of human and nonhuman primates mandates that individuals possess the capacity to recognize and interpret socially relevant signals and mount the appropriate, species-specific responses to those signals. The amygdala has long been identified as a neural substrate of these socioemotional abilities (reviewed by Adolphs, 2010) . In particular, the amygdala appears to (a) code and process facial movements, eye-gaze directions, body postures, and gestures that are potent signals for the production and modulation of appropriate social and emotional responses toward other individuals (Adolphs, 1999 (Adolphs, , 2003 Bachevalier & Loveland, 2006; Bachevalier & Meunier, 2005; Bechara, Damasio, & Damasio, 2003; Gothard, Battaglia, Erickson, Spitler, & Amaral, 2007; Hadj-Bouziane et al., 2012; Hoffman, Gothard, Schmid, & Logothetis, 2007; Leonard, Blumenthal, Gothard, & Hoffman, 2012) ; (b) link discrete stimuli to their intrinsic motivational and socioemotional significance (Baxter, Parker, Lindner, Izquierdo, & Murray, 2000; Blundell, Hall, & Killcross, 2001; Morrison & Salzman, 2010; Murray, 2007; Rolls, 1992; Salzman & Fusi, 2010; Stefanacci, Clark, & Zola, 2003) , such as associating a specific animal in a social troop and its level of agonistic behavior; (c) regulate motor, autonomic, and endocrine manifestations of emotions through its connections with the striatum, brainstem, and hypothalamus, respectively (Amaral, Price, Pitkanen, Carmichael, & Aggleton, 1992; Saunders, Rosene, & Van Hoesen, 1988) . Although the role of the amygdala in processing emotion in faces has been extensively investigated (see , the contribution of the amygdala in processing complex socioemotional signals, such as bimodal, species-specific vocalizations, has yet to be fully elucidated.
Previous research in both humans and nonhuman primates has indicated that the amygdala is not critical for crossmodal integration (Goulet & Murray, 2001; Lee, Meador, Smith, Loring, & Flanigin, 1988; Nahm, Tranel, Damasio, & Damasio, 1993) . Monkeys that received excitotoxic lesions of the amygdala in adulthood were not impaired in crossmodal integration as measured by a tactual-visual delayed-nonmatching-to-sample task (Goulet & Murray, 2001) . Similarly, humans with bilateral damage to the amygdala were also not impaired in visual-tactual integration Nahm et al., 1993) . Based on these results, researchers concluded that the amygdala was not involved in crossmodal integration. However, these studies used matching paradigms that assessed acquisition and recall of crossmodal associations, and not crossmodal integration, per se. Furthermore, the stimuli were objects that could be identified by sight and touch, and were inherently nonsocial. Hence, it is premature to rule out contributions of the amygdala in crossmodal integration of complex social cues.
Notably, human neuroimaging studies have begun to implicate the amygdala in processing bimodal socioemotional stimuli (Dolan, Morris, & de Gelder, 2001; Ethofer et al., 2006; Müller et al., 2011; Pourtois, de Gelder, Bol, & Crommelinck, 2005) . Additionally, an electrophysiology investigation in rhesus macaques identified multisensory neurons that responded to species-specific vocalizations (Kuraoka & Nakamura, 2007) . Such results are consistent with the heteromodal anatomical organization of the amygdala (Amaral et al., 1992; , and suggest that dysfunction within the amygdala may subserve the deficits in emotional crossmodal integration seen in human developmental neuropsychological disorders, such as autism (Hobson, Ouston, & Lee, 1988; Loveland, Steinberg, Pearson, Mansour, & Reddoch, 2008) , pervasive developmental disorder (Magnée, de Gelder, van Engeland, & Kemner, 2008) , and schizophrenia (de Gelder, Vroomen, Annen, Masthof, & Hodiamont, 2003; de Jong, Hodiamont, & de Gelder, 2010) .
The rhesus communicative system is comprised of a small repertoire of relatively fixed calls associated with distinguishable facial gestures and linked to particular social contexts. Nonhuman primates, such as rhesus macaques, recognize the correspondence between facial and vocal expressions (Ghazanfar & Logothetis, 2003; Payne & Bachevalier, 2013) . Thus, they provide an ideal animal model to investigate the putative contributions of the amygdala in crossmodal integration of socioemotional signals.
Studies from our laboratory have shown that selective neonatal lesions of the amygdala yielded significant changes in emotional and stress reactivity as well as in the ability to flexibly alter behavioral responses when context changed (Kazama & Bachevalier, 2013; Raper, Kazama, & Bachevalier, 2009; Raper, Wallen, et al., 2013; Raper, Wilson, Sanchez, Machado, & Bachevalier, 2013) . These behavioral and cognitive changes not only persisted when the animals reached adulthood but also were as severe as the behavioral changes reported in monkeys that had received similar amygdala lesions in adulthood (Bachevalier, Machado, & Kazama, 2011) . Given these long-lasting effects of neonatal amygdala lesions on emotion regulation and decision-making, we conjectured that, if the amygdala had a critical role to play in the ability to integrate crossmodal social cues, lesions of this region in infancy would result in significant impairment of this ability. To test this proposal, the goals of the present investigation were to determine if neonatal lesions of the amygdala disrupt integration ability in rhesus macaques using a preferential viewing paradigm, and compare the scanning strategies of adult rhesus macaques with neonatal lesions of the amygdala with those of previously characterized sham-operated controls (Payne & Bachevalier, 2013 ) using eyetracking.
Method
All procedures were approved by the Animal Care and Use Committee of the University of Texas Health Science Center at Houston in Houston, TX and of Emory University in Atlanta, GA and carried out in accordance with the National Institute of Health Guide for the Care and Use of Laboratory Animals. All efforts were made to minimize the number of animals used, as well as any pain and suffering and all research complied with American Psychological Association (APA) ethical standards.
Subjects
Six adult rhesus monkeys (Macaca mulatta) aged 4 -6 years were used in this investigation. Each animal received MRI-guided ibotenic acid amygdala lesions (Group Neo-A ibo ; 3 males, 3 females) at 7-17 days of age. Animals were raised in a socially enriched nursery environment that promoted the development of species-specific social skills (detailed in Goursaud & Bachevalier, 2007 and briefly described below), and underwent repeated assessments of memory, emotional reactivity, social behavior, and reward appraisal throughout development. Their ability to integrate auditory-visual social information was compared with that of sham-operated adult monkeys (Group Neo-C, 3 males and 3 females) that received sham-operations at 8 -12 days of age, reared in exactly the same way and had received identical behavioral and cognitive training throughout their life (Payne & Bachevalier, 2013) .
Surrogate Peer-Rearing Conditions
A principal human caregiver attended to and interacted with the infants 6 h a day, 5 days a week. On weekends, familiar human caregivers provided care, handled, and played with the infants 2-4 h a day. Infants were individually housed in size-appropriate wire cages under open radiant incubators. This arrangement allowed physical contact with animals in neighboring cage(s), as well as visual, auditory, and olfactory contact with all other infants in the nursery. Infants were provided synthetic plush surrogates (30 cm in length) and cotton towels for contact comfort, and interacted with peers while their home cages were cleaned and the plush surrogates and cotton towels were changed multiple times a day. At 1 month of age, when infants had sufficiently healed from surgery, they socialized daily with three other age-and sexmatched peers in a large play cage that contained toys and towels (3-4 h, 5 days/week). At 3 months of age, infants were transferred to larger cages and individually housed in size-appropriate cages with mesh between two adjacent cages to allow for visual and physical contact between pairs of infants. They socialized with three other matched peers in a large enclosure containing toys and blankets. At 7 months of age, monkeys were socially housed in quads, and at 12 months, they were housed in pairs. Our surrogatepeer rearing is analogous to the "continuous rotation peer rearing" condition known to produce a biobehavioral profile that is most comparable with those of mother-reared monkeys (Rommeck, Capitanio, Strand, & McCowan, 2011 ). This document is copyrighted by the American Psychological Association or one of its allied publishers.
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Imaging and Surgical Procedures
All imaging and surgical procedures have been previously described in detail (Goursaud & Bachevalier, 2007) and brief descriptions are provided here. Neonates were removed from their home cage and lightly sedated with Isoflurane inhalation (1.0 -3.0% to effect) and intubated with an endotracheal tube to provide constant Isoflurane sedation and respiration assistance throughout scanning and surgery. Animals were secured in a nonferromagnetic stereotaxic apparatus (Crist Instruments Co., Inc., Damascus, MD) and a 3" surface coil was used to enhance the resolution of the magnetic resonance images (MRI). A 3 dimensional (3D) T1-weighted fast spoiled gradient (FSPGR)-echo sequence (TE ϭ 2.6 ms, TR ϭ 10.2 ms, 25°flip angle, contiguous 1 mm sections, 12 cm FOV, 256 ϫ 256 matrix) was acquired to determine the three-dimensional coordinates for each neurotoxin injection site in the amygdala for Group Neo-A ibo . Although coordinates were not needed for control animals, the same MRI sequences were collected on all animals to maintain experiential consistency across groups. After MRI acquisition, animals were transported under sedation to the surgical suite.
Animals remained on Isoflurane sedation for the duration of surgery and received an intravenous drip solution of 5% dextrose and 0.45% sodium chloride to maintain hydration. Heart rate, respiration rate, blood pressure, expired CO 2 , and body temperature were monitored throughout the entire procedure. A long lasting local anesthetic (Marcaine 25%, 1.5 ml) was injected subcutaneously along the incision line to minimize pain and inflammation. Small craniotomies were made above the injection targets and small incisions were cut in the dura. Group Neo-A ibo received 4 -6 injections of ibotenic acid (Biosearch Technologies, Novato, CA; 10 mg/ml in phosphate buffered saline, pH 7.0) that were administered simultaneously in both hemispheres (total of 0.8 -1.6 l, rate of 0.2 l/30 s). Needles were not lowered in sham surgeries (Group Neo-C). At completion of the surgical procedures, the opening was closed in anatomical layers. Animals were then removed from the Isoflurane gas anesthesia and the stereotaxic apparatus and allowed to recover in an incubator ventilated with oxygen. All animals received pre-and postsurgical treatments to minimize risk of infection (Cephazolin, 25 mg/kg, per os [p.o.] 
Lesion Verification
Lesions were assessed on postmortem histological sections collected when the animals were 7-9 years of age. Lesion assessments were completed without knowledge of performance on behavioral paradigms. Animals were sedated with Ketamine HCl (10 mg/kg, intramuscular [i.m.]), then deeply anesthetized with Nembutal (15 mg/kg intravenously [i.v.]), followed by sodium pentobarbital (25 mg/kg i.v.) and perfused transcardially, first with 0.9% saline and then with 4% paraformaldehyde at pH 7.4. Brains were removed and taken through a series of ascending sucrose solutions in 0.1M phosphate buffer at 4°C, then frozen in dry ice and sliced at 50 m on a freezing microtome with a freezing stage (Model 860; American Optical Corp., Lorton, VA). A series of sections at 500 m intervals was processed with a Nissl stain to visualize cell bodies and a second series of sections at 500 m intervals was processed with a Gallyas silver stain to visual fiber tracts (Gallyas, 1979) .
Each histological slice throughout the amygdala was matched to a series of drawings of coronal histological sections from a normal adult rhesus monkey brain at 1 mm interval. The extent of cellular disruption was visually identified on each section and plotted onto the corresponding drawings of the brain of the normal adult monkey. The surface area (in pixels) of damage to both the amygdala and adjacent areas (ento-and perirhinal cortices, hippocampus) was measured using ImageJ software (http://rsb.info .nih.gov/ij/). The total volume of damage for each structure was calculated from the measured surface areas in each hemisphere (Gundersen & Jensen, 1987) , and expressed as a percentage of the normal volume for that structure, which was previously estimated from the normal adult rhesus monkey brain (detailed in Nemanic, Alvarado, Price, Jackson, & Bachevalier, 2002) .
As shown in Table 1 , the extent of bilateral amygdala damage in all cases averaged 43.4%, but extended across the entire amygdala. In four cases (Neo-A ibo -2, -3, -4, and -6), the damage was substantial and symmetrical, and included the dorsolateral portion of the amygdala (i.e., lateral, basolateral, basal accessory, and central nuclei) while sparing the most ventromedial portion. In one cases (Neo-A ibo -1), the amygdala damage was substantial and asymmetrical (left greater than the right) but included the dorsolateral nuclei in each side. Finally, case Neo-A ibo -5 had the smallest asymmetrical damage to the amygdala, including the most central portion of the amygdala nuclei on the left (i.e., basal and accessory basal nuclei) and the dorsolateral portion on the right (Lateral and central nuclei). The extent of unintended damage to the adjacent cortical areas and the anterior portion of the hippocampus were negligible for all cases. Figures 1 and 2 show histological stains for cell body through the extent of the amygdala in the case with the least amygdala damage (Neo-A ibo -5; Figure 1 ) and the most amygdala damage (Neo-A ibo -2; Figure 2A ), and fibers of passage through the largest slice of the amygdala for Neo-C-2 ( Figure 2B ) and Neo-A ibo -2 ( Figure 2C ). Note the sparing of fibers in the areas within the amygdala where the neurotoxin was injected.
Crossmodal Integration Task
A passive preferential viewing paradigm was used to determine if the amygdala is required for the spontaneous ability of rhesus ma- Note. Mean ϭ average damage per group; L% ϭ percent damage in the left hemisphere; R% ϭ percent damage in the right hemisphere; X% ϭ average damage in both hemispheres; W% ϭ weighted average damage to both hemispheres (W% ϭ (L% ϫ R%)/100; Hodos & Bobko, 1984) . This document is copyrighted by the American Psychological Association or one of its allied publishers.
caques to integrate the acoustic and visual components of crossmodally presented conspecific vocalizations (Ghazanfar & Logothetis, 2003; Payne & Bachevalier, 2013) . The impact of neonatal lesions of the amygdala on scanning patterns of these complex social signals was also assessed using eye-tracking technology. Behavioral testing of the animals with neonatal amygdala lesions was identical to the previously reported design (Payne & Bachevalier, 2013) . Apparatus. Monkeys were seated in a primate chair fitted with a head-restraint device designed to gently inhibit head movements. Animals were placed in front of a 24-in., flat panel LCD monitor with centered speaker and eye-tracking camera (ISCAN, Inc., Woburn, MA). A curtain concealed all other equipment within the sound attenuated testing room and ambient white noise was played to further minimize any extraneous sounds.
Stimuli. Four videos of the facial postures associated with species-typical calls (coo, grunt, scream, and threat) were used to construct two stimulus sets. Each trial consisted of two videos spaced apart maximally within the same visual plane (side-by-side) on a solid black background and the audio track corresponding to one of the videos. Videos were two unknown rhesus monkeys ("stimulus animals") and were restricted to the animals' heads. The coo and threat vocalizations were generated by one stimulus animal and the grunt and scream vocalizations were generated by the other. Trial duration was 10 s (2-s video looped five times). Stimulus presentation was controlled using the Presentation software package (Neurobehavioral Systems, Inc., Albany, CA).
Task. The auditory component and left-right position of the videos were counterbalanced and presented as two unique stimulus sets. In the first stimulus set, the auditory and visual components began simultaneously (Synchronized condition). This set was used as the standard for integration assessment and was comprised of eight trials administered over four testing sessions (2 trials/session). The second stimulus set was used to assess whether integration of the auditory and visual components relied upon cues that were redundant between modalities (i.e., the coincidence of mouth movements with the vocal element). Thus, in this stimulus set consisting of eight unique trials presented across two testing sessions (4 trials/session), the onset of the audio track was delayed 330 -430 ms from the start of the video (Desynchronized condition), a delay range that has been shown to disrupt the perception of the sensory elements as a single event (Dixon & Spitz, 1980) .
Measures
Integration assessment. In a given trial, each video was either "congruent" (i.e., matching the audio component) or "incongruent" (i.e., discordant with the audio track). An ability to integrate across modalities was determined by comparing the percent looking time to each video to the chance level of 50%. Given that the task assessed the natural looking behavior, the direction of an individual animal's preference is inconsequential to the assessment of integration ability (Zangenehpour, Ghazanfar, Lewkowicz, & Zatorre, 2009) . Two types of inferences can be drawn from the preferential looking paradigm: that recognition of the audiovisual correspondence has occurred when the animals show a preference for one of the videos over the other of a given This document is copyrighted by the American Psychological Association or one of its allied publishers.
condition, and that the direction of the preferential viewing reflects the salience of the stimuli, such that salience can be determined by either physical or affective properties of the stimuli (Houston-Price & Nakai, 2004). Accordingly, integration ability was assessed by comparing the percentages of time animals spent looking at their "preferred" and "nonpreferred" videos in the Synchronized and Desynchronized conditions. Preferred and nonpreferred videos were determined from the percent time each animal spent looking to the congruent and incongruent videos averaged across all trials in a condition. Values greater than the chance level of 50% for a condition were categorized as preferred and values less than 50% across a condition were categorized as nonpreferred. Integration ability was inferred when, as a group, monkeys looked significantly more than chance to the preferred stimulus video. An inability to integrate the complex social signals was inferred when animals looked equally to each stimulus video. By extension, preference direction (i.e., whether monkeys looked more than chance to the congruent or incongruent video) served as an indication of how monkeys processed the salience of the complex social stimuli. Scanning pattern characterization. Static a priori regions of interest (ROIs) of the "eyes" and "mouth" were created with the ISCAN P.O.R. Fixation Analysis software (v1.20, ISCAN, Inc., Woburn, MA; Figure 3 ) such that each ROI included the entire feature of interest throughout the entire 2 s video. A third ROI included the area of the video not encapsulated by either the eyes or mouth ROI and was referred to as "other." Fixations were defined as eye gaze coordinates remaining within 1°ϫ 1°visual angle for at least 50 ms, and lasted until the eye gaze coordinates deviated more than 1°ϫ 1°visual angle for more than 360 ms. The ISCAN P.O.R. Fixation Analysis Software was used to group fixations into ROIs.
Each trial had six ROIs: eyes, mouth, and other for each the congruent and incongruent stimulus videos. The duration of total looking in a trial was the accumulation of fixation durations across all ROIs. To account for variability in looking time across trials and animals, looking to each ROI was analyzed in terms of the percentage of total looking for each trial ((ROI/Total) ‫ء‬ 100).
Statistical Analyses
Assumptions of parametric statistics were met in all measures. Integration ability and scanning strategies of Group Neo-A ibo were analyzed identically to the previous characterization of the looking behavior of Group Neo-C (Payne & Bachevalier, 2013) . Integration abilities across the Synchronized and Desynchronized conditions were compared separately via one-samples t tests (compared against 50%). Group and sex differences in integration ability were assessed via repeated measures analysis of variance (ANOVA; Percent Looking ϫ Group ϫ Sex) with Bonferroni corrected post hoc comparisons. Because the purpose of the Desynchronized condition was to ensure that integration ability was not completely reliant upon the temporal coincidence of the audio and visual elements, characterization of scanning patterns of the stimuli was only assessed in the Synchronized condition. Scanning strategies of Groups Neo-C and Neo-A ibo were compared using repeated measures multivariate analysis of variance (MANOVA; Stimulus Video ϫ ROI ϫ Group ϫ Sex) and planned comparisons were performed using one-sided planned comparisons when interactions between factors were not significant (Pedhazur, 1982) . Such comparisons provide more statistical power against Type II error, which is, not rejecting the null hypothesis when it is false.
Results

Overall Integration and Scanning Patterns
Integration assessment after neonatal amygdala lesions. Figure 4 illustrates that Groups Neo-C and Neo-A ibo exhibited similar looking time for preferred and nonpreferred videos across Figure 3 . Schematic of stimulus presentation with regions of interest (ROIs). Screen shots of coo-grunt (A) and scream-threat (B) pairings with borders of eye and mouth ROIs. In (A), the vocalization was a "coo" and in (B), the vocalization was a "threat." ROIs were determined such that the entire region was included throughout the entire video, resulting in slightly extended ROIs in the still representation of the videos. Stimulus sets were comprised of all possible combinations of videos. Labels were not part of stimuli. Reproduced without revision (Payne & Bachevalier, 2013) . See the online article for the color version of this figure. This document is copyrighted by the American Psychological Association or one of its allied publishers.
both the Synchronized and Desynchronized conditions. In the Synchronized condition, both groups looked significantly more than chance (50%) to the preferred stimulus (Neo-C: Figure 4 ), demonstrating intact integration ability. Direct group comparisons further confirmed the similarities in integration abilities as there was no differences in the percentage of time each group spent looking toward the preferred stimuli (Neo-C ϭ Neo-A ibo : Figure 4 ).
In the Desynchronized condition, both groups showed a significant preference for one of the two stimulus videos (Neo-C: t (5) Scanning patterns across all trials. As shown in Figure 5 , Group Neo-A ibo exhibited general scanning strategies similar to those observed within Group Neo-C (Stimulus Video ϫ ROI ϫ Group: F(2, 16) ϭ 0.098, p ϭ .908, p 2 ϭ 0.012). Overall, Group Neo-A ibo preferentially attended to the eye and mouth regions of the preferred and nonpreferred stimulus videos. In the preferred stimulus video (Figure 5A ), Group Neo-A ibo looked equally to the eye and mouth regions (F(1, 4) ϭ 0.351, p ϭ .586, p 2 ϭ 0.081), but more to each of these regions than to the rest of the preferred stimulus video (eyes Ͼ other: F(1, 4) ϭ 195.589, p Ͻ .0001, p 2 ϭ 0.980; mouth Ͼ other: F(1, 4) ϭ 9.055, p ϭ .040, p 2 ϭ 0.694). In the nonpreferred stimulus video (Figure 5B ), Group Neo-A ibo showed the same basic scanning pattern, but the preferences for the eye and mouth regions over the rest of the nonpreferred stimulus were less robust (eyes ϭ mouth: F(1, 4) ϭ 0.018, p ϭ .901, p 2 ϭ 0.004; eye ϭ other: F(1, 4) ϭ 3.673, p ϭ .128, p 2 ϭ 0.479; mouth ϭ other: F(1, 4) ϭ 3.471, p ϭ .136, p 2 ϭ 0.465). Despite the similarities in overall scanning patterns across groups, a tendency for a Group ϫ ROI ϫ Sex interaction within the preferred stimulus video (F(1, 8) ϭ 4.766, p ϭ .061, p 2 ϭ 0.373) revealed that males and females of Groups Neo-C and Neo-A ibo exhibited differential patterns of looking to the eye and mouth regions of the preferred stimulus video ( Figure 5A, inset) . Neo-C males looked equally to the eye and mouth regions (F(1, 8) ϭ 0.402, p ϭ .544, p 2 ϭ 0.048), and Neo-C females distinguished the two regions, looking more to the eyes than the mouth region (F(1, 8) ϭ 5.460, p ϭ .048, p 2 ϭ 0.406). Group Neo-A ibo showed a different pattern of looking: although distinctions did not reach significance, Neo-A ibo males tended to look more to the eye than the mouth region (F(1, 8) ϭ 3.452, p ϭ .100, p 2 ϭ 0.301), and Neo-A ibo females looked equally to the two regions (F(1, 8) ϭ 0.649, p ϭ .444, p 2 ϭ 0.075). Additionally, Neo-A ibo females tended to look less to the eye region of the preferred stimulus video than Neo-C females (F(1, 8) ϭ 5.178, p ϭ .052, p 2 ϭ 0.393). Summary. The present results demonstrate that, like control monkeys, adult monkeys with neonatal amygdala lesions integrate bimodal social cues produced by novel conspecifics, and that ability was not solely reliant upon the mechanical properties of the vocalization. Despite unperturbed integration ability, monkeys with neonatal amygdala lesions did exhibit important differences in passive viewing of these complex social signals compared with sham-operated controls. Specifically, males and females with neonatal amygdala lesions had spontaneous viewing patterns different from those observed in male and female controls. None of the measurements for Group Neo-A ibo correlated significantly with extent of damage to the amygdala.
As in our previous analyses of Group Neo-C (Payne & Bachevalier, 2013) , we performed post hoc analyses on two putative factors: identity and valence. Integration ability was assessed using one-sample t tests and scanning behavior across all six regions of interest was compared using repeated measures MANOVA (Trial Type ϫ Stimulus Video ϫ ROI ϫ Sex) with planned comparisons for each parameter separately. As in the characterizations of scanning patterns across all trials, the relative looking to the eye and This document is copyrighted by the American Psychological Association or one of its allied publishers. This article is intended solely for the personal use of the individual user and is not to be disseminated broadly.
mouth regions of the preferred stimulus videos was the distinguishing attribute in the post hoc analyses. Hence, only the results for these regions are reported below.
Identity
The factor of "Identity" refers to the identity of the stimulus animals presented on the two videos of a given trial. In "Identity Same" trials (2 trials), the same stimulus animal generated both vocalizations (i.e., the coo-threat pairings and grunt-scream pairings), whereas in "Identity Different" trials (six trials) two stimulus animals each emitted one vocalization (e.g., the coo-scream pairings or grunt-threat pairings).
Integration assessment. Groups Neo-A ibo and Neo-C displayed similar preference patterns across Identity Same and Identity Different trials (see Figure 6 ). When the same conspecific emitted both vocalizations (Identity Same trials), both groups exhibited a strong preference for one of the video stimuli (Neo-C: t(5) ϭ 4.661, p ϭ .006, Cohen's d ϭ 1.903; Neo-A ibo : t(5) ϭ 7.125, p ϭ .001, Cohen's d ϭ 2.909). Similarly, when the vocalizations were produced by two different stimulus animals (Identity Different trials), both groups showed a preference for one stimulus over the other (Neo-C: t(5) ϭ 3.631, p ϭ .015, Cohen's d ϭ 1.482; Neo-A ibo : t(5) ϭ Ϫ5.268, p ϭ .003, Cohen's d ϭ 2.151). There were no differences between males and females of either group for either Identity trial type. Groups did not differ in the percentage of time they spent looking at the preferred stimulus video in Identity Same trials (F(1, 8) ϭ 2.881, p ϭ .128, p 2 ϭ 0.265), but Group Neo-A ibo exhibited a stronger preference than Group Neo-C in Identity Different trials (F(1, 8) ϭ 11.490, p ϭ .010, p 2 ϭ 0.590; Figure 6A ).
Group Neo-C showed a preference for the congruent stimulus video for Identity Same Trials, t(5) ϭ 3.918, p ϭ .011, Cohen's d ϭ 1.600, Figure 6B , but, as a group, did not show a directional preference for Identity Different Trials (cong ϭ incong: t(5) ϭ 0.189, p ϭ .858, Cohen's d ϭ 0.077, Figure 6B ). Group Neo-A ibo showed slightly different pattern of preference directionality This document is copyrighted by the American Psychological Association or one of its allied publishers.
across relative identity. Like Group Neo-C, Group Neo-A ibo showed a strong preference for congruence in Identity Same trials, t(5) ϭ 7.125, p ϭ .001, Cohen's d ϭ 2.909, Figure 6B , but, unlike Group Neo-C, Group Neo-A ibo showed a strong preference for incongruence in Identity Different trials, t(5) ϭ Ϫ5.268, p ϭ .003, Cohen's d ϭ 2.151, Figure 6B . Scanning patterns across Identity. For simplicity, the current description is limited to comparisons of looking to the eyes and mouth in the preferred stimulus video. As shown on Figure 7 , the general scanning patterns for Identity Same and Identity Different trials was slightly different for the two groups. Although there was no Group ϫ Trial Type ϫ ROI interaction at the preferred stimulus video (F(2, 16) ϭ 0.22, p ϭ .803, p 2 ϭ 0.803), planned comparisons to characterize the looking patterns of each group (Trial Type ϫ ROI at preferred stimulus video; Neo-C: F(2, 8) ϭ 0.73, p ϭ .512, p 2 ϭ 0.154; Neo-Aibo: F(2, 8) ϭ 3.22, p ϭ .094, p 2 ϭ 0.446) revealed slight differences. Namely, for both types of trials, Group Neo-A ibo appears to weight the mouth region more than Group Neo-C. However, within-group variance prevented these qualitative differences from reaching statistical significance.
In Identity Same trials ( Figure 7A ), Group Neo-C looked somewhat more to the eye than mouth region (F(1, 4) Figure 7A (inset) further illustrates that this qualitative difference is likely driven by differential attention to the mouth region by the males of Group Neo-C and Neo-A ibo . Figure 7B illustrates that the relative looking to the eye and mouth regions also tend to differ across group when the vocalizations were emitted by two different conspecifics (F(1, 8) ϭ 4.462, p ϭ .068, p 2 ϭ 0.358). Unlike Group Neo-C that looked significantly more to the eye than the mouth region (F(1, 4) ϭ 9.166, p ϭ .039, p 2 ϭ 0.696), Neo-A ibo monkeys looked equally to the two regions (F(1, 4) ϭ 0.379, p ϭ .572, p 2 ϭ 0.087). A significant Group ϫ Sex interaction in the relative looking to the eye and mouth regions (F(1, 8) ϭ 10.185, p ϭ .013, p 2 ϭ 0.560) further indicated that the group differences were largely driven by the looking behaviors of the females (see Figure 7B , inset). Whereas Neo-C females looked statistically more to the eye region than the mouth region (F(1, 8) This article is intended solely for the personal use of the individual user and is not to be disseminated broadly.
8.999, p ϭ .017, p 2 ϭ 0.529) than Neo-C females (see Figure 7B , inset). By contrast, males of both groups looked equally to the eye and mouth regions.
A Group ϫ Trial Type ϫ Sex interaction trend at the mouth of the preferred stimulus video (F(1, 8) ϭ 4.680, p ϭ .062, p 2 ϭ 0.369) revealed that whereas Neo-C females looked more to the mouth region in Identity Same trials than Identity Different trials, Group Neo-A ibo exhibited no differences.
Summary. Consistent with the analyses of all trials, neonatal lesions of the amygdala did not affect integration ability regardless of the relative identity of the vocalizer. The difference in preference direction and preference strength across trial type indicates that, like Group Neo-C, animals of Group Neo-A ibo processed Identity Same and Identity Different trials somewhat differently. However, despite exhibiting the same differentiation in preferences across trial types seen in Neo-C animals, Group Neo-A ibo did not modulate their scanning of the eye and mouth regions across trial types (see Figure  7) . Neo-A ibo males and females looked equally to the eye and mouth regions in both Identity Same and Identity Different trials. Additionally, none of the measurements for Group Neo-A ibo correlated significantly with the extent of amygdala lesion.
Valence
A second set of analyses was performed on the factor of "Valence," which refers to the emotional content of the stimulus vocalizations in a given trial. In "Valence Same" trials, both vocalizations had either a positive (i.e., coo-grunt) or negative (i.e., threat-scream) valence. In "Valence Different" trials, the two vocalizations had different valences (e.g., coo-threat or grunt-scream).
Integration assessment. Groups Neo-C and Neo-A ibo exhibited the same preference patterns in both Valence Same and This document is copyrighted by the American Psychological Association or one of its allied publishers.
Valence Different trials (see Figure 8) . In Valence Same trials, both groups showed a significant preference for one of the videos (Neo-C: t (5) Figure 8A ). In Valence Different trials, both groups also looked more toward one of the stimulus videos (Neo-C: t (5) Figure 8A ). There were no differences between males and females of either group at either valence parameter. The consistencies in preference patterns between the two groups were statistically confirmed for both Valence Same (F(1, 8) ϭ 0.009, p ϭ .989, p 2 ϭ 0.000024) and Valence Different (F(1, 8) ϭ 0.890, p ϭ .373, p 2 ϭ 0.100; Figure 8A ) trials.
As seen in the analyses of relative identity of the stimuli, Groups Neo-C and Neo-A ibo exhibited slightly different patterns of preference directionality across relative valence. Both groups looked more to the incongruent video in Valence Same trials, although this difference only reached statistical significance in Group Neo-A ibo (Neo-C: t (5) Figure 8B ). Scanning pattern across valence. As illustrated in Figure 9 , Neo-A ibo animals showed great consistency in looking behavior across Valence Same and Valence Different trials, whereas Neo-C animals explored these videos differently. Accordingly, the relative looking to the eye and mouth regions tended to vary across groups in the Valence Same trials (F(1, 8) ϭ 4.522, p ϭ .066, p 2 ϭ 0.361; Figure 9A ). Although neither difference was statistically significant, Group Neo-C looked more to the eye region than the mouth region (F(1, 4) ϭ 3.455, p ϭ .137, p 2 ϭ 0.463), but Group Neo-A ibo looked more to the mouth than the eye region (F(1, 4) ϭ 1.127, p ϭ .323, p 2 ϭ 0.241). A weak Group ϫ Sex interaction at the eyes (F(1, 8) ϭ 4.154, p ϭ .076, p 2 ϭ 0.342) indicated that the differences were attributable to differences in the looking behavior of Neo-C and Neo-A ibo females (see Figure 9A , inset). Whereas looking to the eye and mouth regions did not differ across Neo-C and Neo-A ibo males (F(1, 8) ϭ 0.010, p ϭ .913, p 2 ϭ 0.002, Neo-A ibo females looked significantly less to the eyes than Neo-C females (F(1, 8) ϭ 7.673, p ϭ .024, p 2 ϭ 0.490). In Valence Different trials, animals from both groups looked equally to the eye and mouth regions (see Figure 9B ). Planned This document is copyrighted by the American Psychological Association or one of its allied publishers. This article is intended solely for the personal use of the individual user and is not to be disseminated broadly.
comparisons in the looking behavior revealed no differences between males and females of Group Neo-C (F(1, 4) ϭ 0.470, p ϭ .532, p 2 ϭ 0.104, but that Neo-A ibo females tended to look less to the eye region than Neo-A ibo males (F(1, 4) ϭ 6.890, p ϭ .058, p 2 ϭ 0.633; Figure 9B , inset), which contributes to the relatively lower looking to the eye as compared with the mouth region.
Summary. Neonatal lesions of the amygdala did not impair integration ability irrespective of the relative valence of the vocalization. Differences in preference direction across Valence Same and Valence Different trials suggest that animals of Group Neo-A ibo distinguished the two trial types. The differences in the way the two groups scanned Valence Same and Valence Different trials further indicate that they are processing these types of stimuli differently (see Figure 9) . Neo-C animals exhibited differential looking behavior across Valence Same and Valence Different trials (pattern largely driven by Neo-C female behavior), with looking overall more to the eyes than the mouth when the relative valence of the videos was the same but looking equally to the two regions when the relative valence of the videos was different. By contrast, the scanning patterns of Neo-A ibo animals remained largely consistent, with males looking similarly at the eyes and mouth and females looking consistently more at the mouths than at the eyes, irrespective of the relative valence of the trials. As in the analyses on the parameter of Identity, none of the measures for Group Neo-A ibo correlated significantly with the extent of amygdala damage.
Discussion
We examined the effects of neonatal amygdala lesions on the scanning strategies of rhesus macaques as they process speciesspecific, bimodal social signals. The results indicate that, although early damage to the amygdala did not impair integration ability, such damage did affect the passive viewing of these complex social cues emitted by novel conspecific males. In particular, the putative speciestypical male response to monitor identity-related features of novel male conspecifics, such as dominance, appears to be absent in males with neonatal lesions of the amygdala. Similarly, the suggested This document is copyrighted by the American Psychological Association or one of its allied publishers.
species-typical female response to preferentially attend to the valence of the vocalization emitted by novel male conspecifics was likewise absent in females with neonatal lesions of the amygdala. These results support the proposal that damage to the amygdala affects the ability to recognize or spontaneously attend to the species-specific salient aspects of complex social signals (Adolphs, 2010) . Recent research has begun to indicate that the amygdala may contribute to time-sensitive aspects of various paradigms, such as learning the CS-US (conditioned-unconditioned stimulus) intervals (e.g., Díaz-Mataix, Tallot, & Doyère, 2014) , learning the timing of an expected reward (e.g., Bermudez, Göbel, & Schultz, 2012) , how long it takes to learn safety-signal pairings (e.g., Kazama, Heuer, Davis, & Bachevalier, 2012) , and the extended visual interest in social stimuli (e.g., Chudasama, Izquierdo, & Murray, 2009) . Such findings suggest that characterizing the within-session time-course of scanning behavior could be of interest. However, pilot trials of the paradigm indicated rapid habituation to the limited stimuli set and several measures were taken in the design of the current experiment to reduce habituation. The design modifications included shortening the stimuli presentation from 60 s per trial (Ghazanfar & Logothetis, 2003) to 10 s per trial, only using each permutation of the video pairing once, limiting the number of stimuli presented per session, and extending the intersession-interval. These measures effectively minimized habituation effects and precluded characterization of the time-course of within-session scanning behavior. Further investigation is needed to assess possible time-sensitivity to the role of the amygdala in processing crossmodal socioemotional signals.
Retained Integration Ability
Neonatal lesions of the amygdala did not impair integration ability, as evidenced by animals expressing an overall preference for one of the videos across all analyses. Our results parallel previous lesion studies in adult humans and rhesus macaques using crossmodal associations of nonsocial stimuli (Goulet & Murray, 2001; Lee et al., 1988; F. K. Nahm et al., 1993) , and suggest that having an intact amygdala throughout maturation is not required for the development of an ability to integrate crossmodal social signals. The lack of impaired crossmodal integration of social signals after neonatal amygdala lesions seems to be at odds with the findings with human neuroimaging studies that have identified the amygdala as a neural correlate of emotional crossmodal integration (Dolan et al., 2001) . One explanation for this difference may relate to the timing of the lesion.
Like humans, the rhesus macaque brain undergoes protracted postnatal development and is not fully mature until 3-4 years of age (Knickmeyer et al., 2010; Málková, Heuer, & Saunders, 2006; Payne, Machado, Bliwise, & Bachevalier, 2010) . Thus, the early timing of the lesions in our study (approximately 2 weeks of age) allows for the possibility of functional compensation by other brain regions. However, this putative compensation of amygdala functions seems unlikely given that these same monkeys with neonatal amygdala lesions have long-lasting impairments in emotional, social and cognitive domains, as well as aberrant stressrelated hormonal responses (Kazama & Bachevalier, 2013; Raper et al., 2009; Raper, Wilson, et al., 2013) .
Like animals with neonatal lesions of the amygdala, animals who received lesions in adulthood exhibit intact ability to display a normal repertoire of socioemotional behaviors, but tend to display those behaviors in ways that are inappropriate to the social situation (e.g., Amaral, Bauman, Capitanio, Lavenex, Mason, Mauldin-Jourdain, et al., 2003; Chudasama et al., 2009; Machado et al., 2008; Meunier, Bachevalier, Murray, Málková, & Mishkin, 1999) . Similarly, the current findings indicate that although early amygdala damage does not impair crossmodal integration of socioemotional stimuli or alter the animals' ability to scan the stimuli, the aberrant scanning strategies suggest that early lesions may affect the way the animals extract and/or interpret the socioemotional information. In this way, the aberrant scanning of socioemotional stimuli are consistent with the role of the amygdala in affective processing and may contribute to the observations that animals with either early or late lesions inappropriately display behaviors (e.g., Amaral et al., 2003; Bauman, Lavenex, Mason, Capitanio, & Amaral, 2004; Bliss-Moreau, Moadab, Bauman, & Amaral, 2013; Bliss-Moreau, Moadab, Santistevan, & Amaral, 2017; Bliss-Moreau, Toscano, Bauman, Mason, & Amaral, 2011; Chudasama et al., 2009; Emery et al., 2001; Izquierdo, Suda, & Murray, 2005; Machado & Bachevalier, 2006; Machado et al., 2008; Meunier et al., 1999; Raper et al., 2009; Raper, Wilson, et al., 2013; Stefanacci et al., 2003) . Although additional studies are required to determine whether damage to the amygdala in adulthood would impair crossmodal integration of socioemotional signals, the present findings suggest that, in the absence of a functional amygdala from early infancy, integration ability may be supported by other brain structures. Neuroimaging and electrophysiolgical studies have begun to characterize a network of neural regions involved in emotional crossmodal integration, including the amygdala, middle and superior temporal regions, fusiform gyrus, and orbital frontal cortex (reviewed by Campanella & Belin, 2007; de Gelder et al., 2004) .
The present findings may provide insight into the neural substrates associated with deficits in emotional crossmodal integration characteristic of several human disorders, such as autism spectrum disorder (Hobson et al., 1988; Loveland, 2005; Loveland, Pearson, & Reddoch, 2005; Loveland et al., 1995) , pervasive developmental disorder (PDD; Magnée, de Gelder, van Engeland, & Kemner, 2007; Magnée et al., 2008) ; and schizophrenia de Jong et al., 2010; de Jong, Hodiamont, Van den Stock, & de Gelder, 2009 ). Recent reports have suggested that the amygdala is a central hub for multiple large-scale neural networks responsible for socioemotional behavior in rodents, nonhuman primates and humans (see Bickart, Dickerson, & Barrett, 2014) and that disruption of amygdala activity through temporal pharmacogenetic inactivation has profound effects on functional connectivity of both local and global functional networks (Grayson et al., 2016) and neonatal lesions of the amygdala results in neural reorganization (Grayson, Bliss-Moreau, Bennett, Lavenex, & Amaral, 2017) . Our results indicate that although neonatal lesions of the amgydala do not appear to perturb integration ability, per se, the amygdala is critically involved in processing crossmodal social signals. Thus, the perturbed integration ability observed in neurodevelopmental disorders such as autism, PDD, and schizophrenia, are unlikely associated with an isolated dysfunction of the amygdala. Instead, the integration impairments seen in such disorders are more likely a result of dysfunction at other loci within the neural network implicated in subserving crossmodal integration of socioemotional signals, such as the middle and superior temporal regions, the This document is copyrighted by the American Psychological Association or one of its allied publishers.
fusiform gyrus, and/or orbital frontal cortex (reviewed by Campanella & Belin, 2007; de Gelder et al., 2004) . Thus, the array of neural structures implicated in autism spectrum disorder, PDD, and schizophrenia indicate that widespread dysfunction of the neural network supporting emotional crossmodal integration may have precluded functional compensation and resulted in integration impairments.
Disruption of Scanning Strategies
Neonatal lesions of the amygdala appear to disrupt the normal preference for the eye region that was exhibited by the shamoperated controls (Payne & Bachevalier, 2013) and previously reported in typically developing rhesus (Ghazanfar, Nielsen, & Logothetis, 2006; Gothard, Erickson, & Amaral, 2004; Guo, Robertson, Mahmoodi, Tadmor, & Young, 2003; Keating & Keating, 1982; Nahm, Perret, Amaral, & Albright, 1997) . Whereas shamoperated monkeys predominantly relied upon information from the eye regions to discriminate the congruent and incongruent stimulus videos, monkeys with amygdala lesions used both the eyes and mouth as their differentiation of the videos. Although this pattern demonstrates that animals with neonatal amygdala lesions found the dynamic movements of the mouth regions to be more informative in their valuations of the stimulus videos, lesions of the amygdala did not produce the same patterns of looking in humans with either damage to the amygdala (Adolphs et al., 2005) or autism spectrum disorder (Corden, Chilvers, & Skuse, 2008; Dalton et al., 2005; Neumann, Spezio, Piven, & Adolphs, 2006; Pelphrey et al., 2002; Spezio, Huang, Castelli, & Adolphs, 2007) , that is, decreased looking to eyes and increased looking to mouths. Animals with neonatal amygdala lesions did not look more to the eyes than the mouth, but they look at the mouths more than control animals. Distinctions in methodology, in addition to differences in species-typical responses, likely contribute to this subtle divergence.
The previous studies in humans used emotion identification paradigms with either static, unimodal images presented one-at-atime (Adolphs et al., 2005; Dalton et al., 2005; Neumann et al., 2006; Spezio et al., 2007) or videos of complex social interactions (Jones et al., 2008; Klin, Jones, Schultz, Volkmar, & Cohen, 2002) . None of the designs had the same dynamics of the passive preferential viewing paradigm used here, which included direct comparisons between two simultaneously emoting conspecifics. Moreover, looking behaviors of male and female rhesus macaques in response to this preferential viewing paradigm may be subject to different societal pressures that manifest as distinctive relative looking to the eyes and mouth regions. Hence, a disruption of scanning strategies may look different in male and female rhesus macaques than it does in men and women.
Disruption of Species-Specific Responses
Although the sample sizes for sex comparisons in the current investigation are modest, the findings suggest that neonatal lesions of the amygdala may perturb the sex differences displayed by the sham-operated controls. If replication with larger sample sizes validate the observed sex differences, they may reflect a natural tendency for males and females to attend to different properties of the stimulus vocalizations. In sham-operated females, the preferential looking to the eye region over the mouth (see Figure 5 ) paralleled the looking strategies humans use when instructed to attend to emotion-related cues or make social judgments of human facial expressions (Buchan, Paré, & Munhall, 2008; Lansing & McConkie, 1999) indicating that the species-typical response for female rhesus macaques may be to attend to the relative valence of the stimulus videos. This interpretation was further supported through post hoc analyses of the effect of relative valence on looking behavior (see Figure 10) . In contrast, sham-operated males looked more to the mouths, without changing their scanning of the eye regions (see Figure 5) . Post hoc analyses revealed that shamoperated males preferentially scanned the eye regions only when the same novel conspecific produced both vocalizations, but not when different stimulus animals emitted the vocalizations (see Figure 10 ). This pattern could signify that, in addition to attending to the valence of the vocalizations, the species-typical response for male rhesus macaques is to also attend to identity-specific features that may signify the dominance status of the novel conspecific, such as canine size.
When all trials were considered, monkeys with neonatal amygdala lesions displayed the opposite pattern in their relative looking to the eye and mouth regions. Males preferentially attended to the eyes over the mouth regions, and females looked equally to the eye and mouth regions (see Figure 5) . However, unlike sham-operated controls, sex differences were not seen in the post hoc analyses (see Figure 10 ). An interesting find was that the monkeys with neonatal amygdala lesions showed the same differences in preference direction across trial types as the shamoperated animals. Nonetheless, unlike sham-operated animals, the differences in preference direction seen after damage to the amygdala were not associated with differences in their scanning strategies across trial parameters (see Figure 10) . In contrast to sham-operated males and females whose looking patterns were differentially sensitive to the relative identity of the stimulus animals and the relative valence of the stimulus vocalizations, males with neonatal amygdala lesions consistently looked equally to the eyes and mouth and females with neonatal amygdala lesions consistently looked more at the mouths than the eyes (see Figure  10) . Together, these results indicate that, although monkeys with neonatal amygdala lesions detected the differences in trial parameters, they did not recognize the social relevance of the distinctions.
Of interest to the authors, these animals with neonatal amygdala lesions have exhibited deficits in assessing the social relevance of stimuli in other experimental paradigms. In a social approach/ avoidance paradigm, animals were presented with the opportunity to retrieve a desirable food item that was placed in front of either a socially neutral object (e.g., clear plastic bottle) or a socially fearful object (e.g., doll with large eyes; Raper et al., 2009) . Compared with sham-operated controls, animals with damage to the amygdala were faster to retrieve the food item placed in front of a fearful object, indicating that, unlike control animals, they did not recognize the objects as being socially threatening.
Our findings are consistent with a role of the amygdala in the ability to recognize the social salience of conspecific cues (Adolphs, 2010) . Deficits in social relevance assessment have also been implicated in the aberrant scanning strategies observed in individuals with neurodevelopmental disorders such as autism spectrum disorder (reviewed by Falck-Ytter & von Hofsten, 2011) . EssenThis document is copyrighted by the American Psychological Association or one of its allied publishers.
tially, people with autism do not spontaneously look at socially salient features, such as the eyes, because they do not recognize the need to do so. The current results further suggest that dysfunction within the amygdala of persons with these disorders underlies their deficits in recognizing the social relevance of socioemotional cues.
Conclusions
Human and nonhuman primates live in complex social environments, in which faces and voices are the primary mode for transmission of social signals. Therefore, the capacity to recognize and appropriately respond to the social cues within one's community is heavily reliant upon the ability to process audiovisual information. The present investigation does not indicate that the amygdala is necessary for the integration of the auditory and visual components of complex social signals, but does support a critical role of the amygdala in the recognition of the social relevance of the features within those complex social signals. This article is intended solely for the personal use of the individual user and is not to be disseminated broadly.
